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Based on two-photon entanglement, quantum remote sensing enables the measurement and de-
tection to be done non-locally and remotely. However, little attention has been paid to implement
a noncontact way to sense a real objects angular rotation, which is a key step towards the practical
applications of precise measurements with entangled twisted photons. Here, we use photon pairs
entangled in orbital angular momentum (OAM) to show that a real object’s angular rotation can
be measured non-locally. Our experiment reveals that the angular sensitivity of the object encoded
with idler photons is proportional to the measured OAM values of signal photons. It suggests
potential applications in developing a noncontact way for angle remote sensing of an object with
customized measurement resolution. Moreover, this feature may provide potential application in
sensing of some light-sensitive specimens when the entangled photon pairs, which have significantly
different wavelengths, are used, such as one photon is infrared but the other one is visible.
I. INTRODUCTION
A major application of optics is remote sensing and
probing of a variety of properties of matter. Many tech-
niques, based on the well known photons degree of free-
dom such as polarization, energy, time, wavelength and
phase, have been elucidated over the years to achieve
that goal[1]. Recent years, as a new degree of freedom
of photon, orbital angular momentum (OAM) has raised
broad interest [2]. Laguerre-Gaussian (LG) modes are
commonly used eigenstate of OAM [3] and have been
well studied. In particularly, due to the characteristic
helical phase of LG mode, it has shown an attractive ap-
plication in encoding optical image[4, 5] and retrieving
topographic information of an object [6, 7]. By analyz-
ing the LG mode spectrum of scattered beam, some new
sensing and probing applications, such as the nanomet-
ric displacement detection [8], the detection of individual
biomolecules [9] and the discrimination of enantiomers
in biological chemistry [10], which were also proposed.
More recently, by detecting the frequency shift of on-axis
OAM components that are scattered from a spinning ob-
ject, the angular speed can be deduced [11]. Based on
the rotational doppler effect, we also achieved the re-
mote object’s rotation speed detection in 120m free space
[12]. By measuring the phase differences between a light
beams constituent OAM modes, the remote sensing of
an objects rotational orientation was also implemented
[13]. However, it is noted that those sensing methods
of object’s rotational angular were only demonstrated in
classical area.
Relative to those classical methods, quantum remote
sensing with OAM-entangled photon pairs offers an im-
proved angular resolution that is amplified by large OAM
values [14]. By using entanglement of high orbital an-
gular momenta, Robert et al. proposed the idea of
OAM-increased angular resolution in remote sensing [15].
Omar et al. showed that by using weak measurements in
the LG mode azimuthal degree of freedom, an effective
amplification of the weak value with a factors of 100 was
achieved [16]. Benefiting by a novel liquid crystal device,
a q-plate, which efficiently maps pure polarization states
into hybrid SAM-OAM states and vice versa, Vincenzo et
al. implemented a photonic gear for polarization ultra-
sensitive noncontact angular measurements [17]. How-
ever, it is noted that only phase or polarization angu-
lar sensitivity has been demonstrated in previous study.
For practical application, a real object usually contains
both intensity and phase information. Although corre-
lated spiral imaging theory [18], quantum digital spiral
imaging of a pure phase object [19] and spatial symmetry
analysis of a real object [20] have been proposed based
on the OAM-entangled photon pairs, quantum remote
sensing of rotation of a real structured object has not
been demonstrated yet. The implementation of a non-
contact way to measure the angular sensitivity of a real
structured object is an important step towards practical
quantum remote sensing.
In this paper, by employing the high-dimensional spa-
tial mode entanglement generated by spontaneous para-
metric down-conversion, we encode a rotation structured
object with both amplitude and phase information into
the full set of LG modes in idler arm. This consideration
is important for constructing a high quality ghost image
in signal arm since we utilized the full-field quantum cor-
relations of spatially entangled photons [21]. Then we use
an ICCD camera and OAM analyzer to see and quanti-
tatively measure the object’s rotation angle respectively.
Our experimental results find that the phase shift of sig-
nal photons is equal to both of the angular displacement
of idler objects and measured OAM number of signal
photons, which the formation might be considered as a
quantum version of rotational doppler effect. Our work
clearly shows that the noncontact measurement of angu-
lar rotation of an object has been successfully achieved.
2FIG. 1. Spectrum of a pure phase skull in LG mode bases. (a),
pure phase skull object in idler arm, we define the phase of ob-
ject is π, while the other part is 0. (b), (c)the peak-normalized
intensity spectrum, |Aℓi,pi | and phase spectrum, arg(Aℓi,pi)
of the skull object. Note that we have set the beam waist
of the decomposing LG modes just equal to the size of the
phase mask. This subtle consideration makes most of the con-
stituent modes which are distributed over lower-orders. This
is crucial for numerical reconstruction of the ghost image with
a better fidelity, as two-photon OAM spectrum generated by
SPDC is of limited spiral bandwidth, namely, lower OAM
modes are produced more frequently than higher modes [22]
(d) Reconstructed object intensity profile in signal arm, which
can be regarded as a ghost image of the skull object, due to
the destructive interference along the contours of a π phase
jump, the intensity of the ghost image can be outlined by
the dark edges in the bright background. (e),(f) the peak-
normalized intensity spectrum, |Bℓs,ps | and phase spectrum,
arg(Bℓs,ps) of the ghost image.
II. THEORETICAL ANALYSIS AND
SIMULATIONS
The LG modes, LGℓp(r, φ) with azimuthal and radial
indices ℓ and p, can offer a full basis to describe an arbi-
trary 2D transverse field in the high-dimensional Hilbert
space [18]. As the angle rotation of the object is only as-
sociated with the azimuthal indices ℓ, LG modes provides
a convenient basis for the measurement of rotation. At
the single-photon level, the quantum state in the mode
LGℓp(r, φ) can be labeled as |ℓ, p〉. We assume that any
structured object is described by a complex transmis-
sion function, ψ(r, φ). Then for a fundamental Gaus-
sian illumination, the photon after this object acquires
the complex amplitude ψ(r, φ), and its quantum state
can then be denoted by |ψ〉. Based on the mode expan-
sion method[5, 12], we have |ψ〉 = ∑ℓ,pAℓ,p|ℓ, p〉, where
Aℓ,p = 〈ℓ, p|ψ〉 denotes the overlap amplitude. As Aℓ,p is
a (2ℓ + 1) × (p + 1) complex-valued spectrum, one need
both the intensity spectrum, |Aℓ,p|, and phase spectrum,
arg(Aℓ,p), to fully describe the object. Its significance
also lies at the capacity to probe the phase objects, in
addition to the amplitude ones. We show the numeri-
cal results of a pure phase skull in Fig. 1, here, we re-
strict the decomposition with ℓ ranging from -10 to 10
and p from 0 to 15, totally involving 336 modes, which
have reached nearly 98% fidelity. Particularly, when the
structured object is subject to a rotation by an angle α,
the intensity spectra remains unchanged but the phase
spectra changed, due to a phase shift is induced for each
constituent azimuthal mode, ∆φ = ℓα, appearing as a
product of the angular displacement α and the OAM
number ℓ. Subsequently, we can rewrite the transmit-
ted or reflected photon’s quantum state as:
|ψ〉 =
∑
ℓ,p
Aℓ,p|ℓ, p〉 exp(iℓα), (1)
Of particular interest is when considering the
bi-photon high-dimensional spatial mode entangle-
ment generated by spontaneous parametric down-
conversion(SPDC). If the idler photon is subject to a
state as described in Eq.1, then the signal photon will
collapse into the following state,
|ϕ〉s = 〈ψ|Ψ〉SPDC =
∑
ℓs,ps
Bℓs,ps |ℓs, ps〉 exp(iℓsα), (2)
where Bℓs,ps = A
∗
ℓi,pi
Cℓs,ℓips,pi denotes the spectrum of
”ghost” image of the object in the LG mode bases.
|Ψ〉SPDC is the complete spatial structure of entangled
photons which can be described in the full LG modes as
|Ψ〉SPDC =
∑
ℓs,ℓi,ps,pi
Cℓs,ℓips,pi |ℓs, ps〉|ℓi, pi〉 [23, 24]. Cℓs,ℓips,pi
denotes the amplitude probability of finding one photon
in the signal mode |ℓs, ps〉 and the other in the idler mode
|ℓi, pi〉. Then we can obtain the ghost image’s intensity
spectra |Bℓs,ps | and phase spectra arg(Bℓs,ps) if we con-
sider the rotation angle α = 0, as illustrated in Figs. 1(e)
and (f). One can even reconstruct the object intensity
profile by summing all of the involved LG modes, as
shown in Figs. 1(d). Despite that the object is a pure
phase one, the ghost image can still be outlined by the
dark edges in the bright background, as a result of de-
structive interference along the contours of a π phase
jump. Moreover, Eq. 2 also provides us an intuitive way
to understand that the bi-photon high-dimensional spa-
tial mode entanglement can be used to perform ghost
imaging.
Besides, in contrast with the local phase shift appear-
ing in Eq. 1, we can say the phase shift in Eq. 2 is
nonlocal, as it is induced by the rotation of the object
in the idler arm while the signal photons were left un-
touched. That’s to say, by measuring the signal pho-
ton’s phase shift, one can deduce the rotation angle of
the object in a noncontact way. This constitutes the
key idea to implement a quantum version of angle re-
mote sensing of an object. To measure the signal pho-
ton’s phase shift, we can use holographic method [11, 12]
to filter out specific OAM modes superpositions such as
|ψ〉s = (|ℓ, p = 0〉+|−ℓ, p = 0〉)/
√
2. Thus we can predict
the bi-photon coincidence rate from Eq. 2 as,
Pℓ(α) = a
2
1 + a
2
2 + 2a1a2 cos[2ℓα+ (θ1 − θ2)], (3)
3FIG. 2. Schematic illustration of experimental setup. In the idler (object) arm of both setups, we use a 4f (L1=100mm,
L2=300mm) system to image the crystal onto the spatial light modulator (SLM1) which displayed the rotatable object. Then
we employ anther 4f (L3=150mm, L4=100mm) system to image the object onto the facet of the single-mode fiber, which is
connected to a single-photon detector. Before each detector, a filter (F2@710nm, bandwidth 10nm) is used to make sure that
only the down conversion photon can be collected. In the signal arm, for ghost imaging setup (a): a half wave plate (HWP) is
firstly used to rotate the polarization of the signal photons into vertical. Then there are three successive 4f imaging systems
(L5=750mm , L6=750mm), (L7=1000mm, L8=1000mm), (L9=1000mm, L10=1000mm) consisting of the free-space delay line.
The polarizing beam splitter (PBS) reflects the vertical signal photons, and at the end of the imaging system, after the vertical
signal photon transmits twice of an quarter wave plate (QWP@ 22.5◦), the polarization becomes horizontal, and goes back to
the PBS, the followed 4f system (L11=1000mm, L12=1000mm) just images the crystal plane onto an intensified CCD (ICCD)
camera, which is employed to record the ghost image of signal photons; while for coincidence counting setup (b): the setup in
signal arm is exactly the same as the idle ones, and the only difference is the displayed holographic gratings as shown in the
inset of (b).
where we have denoted the two complex amplitude∑
pA
∗
−ℓ,pC
ℓ,−ℓ
ps=0,p
and
∑
p A
∗
ℓ,pC
−ℓ,ℓ
ps=0,p
as a1e
iθ1 and
a2e
iθ2 , respectively. From Eq. 3, a cosine curve will be
observed in bi-photon coincidence rate and the period is
determined by the angular displacement α in idler pho-
ton and the measured OAM number ℓ in signal photon.
Moreover, interestingly enough, the rotation of the struc-
tured object could be non-locally detected with an an-
gular sensitivity that is proportional by a factor ℓ. It is
noted that the decomposition spectrum of the structured
object has some characteristic LG modes that are asso-
ciated with its geometry. In our real experiment, we just
utilize these dominant OAM modes for sensitive angle
detection. Owing to the completeness and orthogonality,
an arbitrary object can still be represented mathemati-
cally by an OAM spectrum in principle, such that it can
be detected by our method with suitable OAM mode fil-
tering.
III. EXPERIMENTAL SETUP
We build both the ghost imaging and coincidence
counting setups and combine them to verify experimen-
tally our theoretical predictions. In both setups, we use
a 355nm ultraviolet laser to pump the type-I BBO crys-
tal to generate bi-photon high-dimensional spatial mode
entangled source collinearly, as shown in Fig. 2. We use
a filter (F1) to block the 355 laser and, the idler and sig-
nal photons are then separated by a non-polarizing beam
splitter (BS). In idler arm, the rotatable object is pro-
grammed into a suitable holographic gratings and then
displayed by a spatial light modulator (SLM1). A single-
mode fiber (SMF) connected with a single-photon de-
tector (SPCM) is subsequently used to record the single-
photon event, which does not have any spatial resolution.
That’s to say, there is no way to reconstruct the object
only by recording the count of idler photon. The differ-
4ences between two setups lie at the signal arms. In ghost
imaging setup, as shown in Fig. 2(a), an intensified CCD
(ICCD) camera is employed to record the ghost image,
which is triggered by the single-photon events conveyed
from the single-photon detector in the idler arm. Note
that an optical delay of about 22 meters is requested to
compensate the electronic delay [25]. While in coinci-
dence counting setup, as shown in Fig. 2(b), the object
arm remains the same but there is no optical delay in
the signal arm, instead, another SLM2 is employed to
display specific holographic gratings to measure various
OAM superposition states of signal photons. The setup
in signal arm is exactly the same as the idler ones, and
the only difference is the displayed holographic gratings
as shown in the inset of Fig. 2(b). The outputs of the
detectors are finally fed to a coincidence counting circuit
with a time window of 25 ns.
IV. EXPERIMENTAL RESULTS
We first use the setup (a) of Fig. 2 to intuitively see
the ghost image’s rotation effect. We display the rotat-
able pure phase object of a skull on SLM1 in idler arm
and record its ghost image with ICCD camera in signal
arm. As we project idler photon into the state described
in Eq. 1 with △α = 30◦ each time, based on our the-
ory, the signal photon will collapse into a state shown
in Eq. 2, namely, all of the involved LG modes will re-
construct the object in signal arm and its intensity is
subsequently recorded by the ICCD. The experimental
observation is shown by Fig. 3, as we rotate the skull
object in idler arm, the ghost image in signal arm also
rotates with the same angle, from which the excellent
agreement with the theory can be seen. Here, each ghost
image was recorded by accumulating 1500 frames with
2s exposure time. Moreover, each of the ghost image can
be outlined by the dark edges as a result of destructive
interference along the contours of a π phase jump of the
pure phase skull object in idler arm, which also show a
good agreement with the simulation results in Fig. 1(d).
Here, we attribute the good quality of the ghost image
to utilizing the full-field quantum correlations of spatially
entangled photons which is using LG modes with both
radial and azimuthal indices.
To quantitatively measuring the phase shift of the
ghost image in signal arm, we further built a setup as
shown in Fig. 2(b) which is usually used to measure
bi-photon high-dimensional spatial mode entanglement
[26]. The skull object in idler arm now was driven to
rotate at an interval of △α = 2◦ each time, then we pro-
jected the signal photons to OAM superposition states
of |ψ〉s = (|ℓ, p = 0〉 + | − ℓ, p = 0〉)/
√
2 and measured
the two photon coincidence count. The recorded peak-
normalized coincidence curves varying with the rotation
angle α are illustrated in the top line of Fig. 4. At each
FIG. 3. Experimental observations of ghost image as the skull
object was rotated at α = 30◦ interval. Each ghost image was
recorded by accumulating 1500 frames with 2s exposure time.
rotation angle, the accumulation time of coincidence was
1 minute and averaged 5 times. We measured three dif-
ferent OAM superposition states with ℓ increasing from
1 to 3 in signal arm, as shown in Figs. 4(a)-(c). One can
clearly see that the coincidence curves exhibit a cosine-
like dependence on the rotation angle α, which implies
the phases of signal photons that are still shifted regard-
less of no rotation performed on the signal photons them-
selves. To show the cosine-like coincidence count signal
deeply, we further performed a FFT of the signal with
the rotation angle α, as shown in Figs. 4(d)-(f). It is
found that one-round rotation of the objects in the idler
arm, which produces the coincidence counts with two-
fold, four-fold and six-fold modulation rates in signal arm
for ℓ = ±1,±2,±3, respectively. The reason underlying
is because the ±ℓ OAM components were phase shifted
up and down, i.e., △φ = ±ℓα, resulting in a 2|ℓ|Ω mod-
ulation rate, which therefore confirms the prediction by
Eq. 3. It is noted that under the same phase shift, the
angle sensitivity of the rotating object in idler photon
is proportional to the measured OAM number in signal
photon, which reveals that the object’s rotation angular
resolution is non-locally determined by a factor of ℓ. This
may have potential applications in developing a noncon-
tact way for remotely sensing an object’s rotation angle
with customized resolution.
As we mentioned previously, for practical application,
a real object usually contains both intensity and phase
information, so we further exploit a complex-amplitude
object, whose intensity and phase profiles are shown by
Figs. 5(a) and (b), respectively. The structured object
is designed to have a uniform intensity but with three
different phases 0, π/2, π and there is a connection line
between 0 and π area. Following the similar line but
without the presence of the LG spectrum of the object,
we first present the experimental ghost image of the ob-
ject based on the setup of Fig.2(a), as shown in Fig.5(c).
The ghost image’s intensity profile of the object shows
5FIG. 4. Experiment results for measuring the phase shift of
the pure phase object in signal arm. Top line is the peak-
normalized coincidence curves varying with the rotation an-
gle △α = 2◦, each data point was accumulated with 1 minute
and averaged 5 times. Lower line is the beat frequencies by
making a fast Fourier-transform (FFT) analysis of the corre-
sponding coincidence curves, which shows an intuitive relation
between the OAM numbers and the rotation speed Ω. Here
we define the rotation speed Ω = α/t. The measured OAM
superposition modes are ℓ = ±1 for (a) and (d), ℓ = ±2 for
(b) and (e), ℓ = ±3 for (c) and (f). We also show the intensity
profiles of the OAM superposition modes in the insets of (d),
(e) and (f), respectively.
an additional dark line along the edge of π phase jump
compared with the intensity profiles of Fig.5(a), which is
exactly in accordance with the design. The good quality
of the ghost image has demonstrated even further that
the importance of using full-field quantum correlations
of spatially entangled photons, such as both the radial
and azimuthal indices of the LG modes. Similarly, as
the object was rotated in the idler arm at an angular
interval of α = 2◦, we measured the OAM superposi-
tions of ℓ = ±1,±2,±3, and recorded the coincidence
counts accordingly. The cosine-like varying curves with
the rotation angle can be clearly seen in Figs.5(d)-(f),
which show again the signature of the nonlocal OAM-
dependence phase shifts,△φ = ℓα. Then, we further per-
formed a FFT of the signal with the rotation angle α and
see a more clearly highest angular frequency correspond
two-fold, four-fold and six-fold of the rotation rates, as
shown in Figs.5(g)-(i). It is clearly shown that our pro-
posed method can also be efficiently used for probing a
real object with the complex-amplitude towards practical
application of quantum remote sensing.
This method of remote sensing has a nonlocal feature
because the signal photons used for sensitivity-increased
angular detection do not illuminate the object in the
idler arm. Moreover, this feature could be understood
in a more intuitive way in light of ghost imaging. We
can imagine that when the object is subjected to a ro-
tation, its ghost image will be subjected to a rotation
synchronously. Thus, regardless the signal photons do
not touch the object, they can be considered to have tra-
versed a virtual skull object, i.e., its ghost image. Thus,
we can conclude that measuring the signal photons that
interact virtually with the ghost image, which would just
has a physical equivalence to that interact with the ob-
ject, as manifested by Eq. 2. Compared with previous
ghost imaging system, which only the stationary objects
are considered, here we use a rotation object which is
challenging to obtain its ghost imaging in real time be-
cause of the extremely low photon-flux. However, it is
noted that we only consider specific OAM components,
without the need of ghost imaging of the full details of
the object, to deduce the rotation angle of the object in
a nonlocal and high-efficient way.
Also, it is illuminating for us to connect our quanti-
tative measurement of the phase shifts to the rotational
Doppler effect [11, 27, 28], namely, ∆ω = ℓΩ, where Ω
is the angular rate of the rotating object and ℓ is the
detected OAM number. For this, we are allowed to re-
place the angular coordinate α in both Figs. 4 and 5
with the time coordinate equivalently, namely, t = α/Ω.
In this scenario, a fast Fourier-transform (FFT) analysis
of the coincidence counts is able to reveal a dominant
peak at 2Ω, 4Ω and 6Ω for ℓ = 1, 2, 3, respectively, as
we have shown in both bottom panels of Figs. 4 and 5.
These beat frequencies are exactly equal to 2|ℓ| times the
rotation rate of the objects, which can also be inferred
straight forwardly from Eq. 3 by simply replacing α with
Ωt. In contrast to previous classical experiments, the
phase or frequency shifts are induced locally by a clas-
sical light beam that interacts with the rotating object,
the beat signals here reveal some quantum aspects of the
Doppler effect, as the phase shift of signal photons result
nonlocally from the rotation of the objects placed in the
idler arm that the signal photons do not illuminate.
V. CONCLUSION
In conclusion, by employing the full-field quantum cor-
relations of spatially entangled photons which fully ex-
plored both radial and azimuthal indexes (ℓ, p) of LG
modes to describe various structured objects, we can not
only obtain a high quality ghost image but also sense
the object rotation angle in a nonlocal manner. And we
are able to use one photon to illuminate the rotating ob-
ject while use the other photon to detect the phase shift
and measure the angular displacement, and thus demon-
strating a new sensing application where the measured
photons does not necessarily face or touch the object.
Moreover, we have found that the phase shift of signal
photons is equal to both of the angular displacement of
idler objects and measured OAM number of signal pho-
tons. And the angular sensitivity of idler object is pro-
portional to the measured OAM values of signal photons,
which may have potential applications in developing a
noncontact way for remotely sensing an object’s rotation
with customized resolution. As far as we know, this is
6FIG. 5. Experimental results for a real object with both in-
tensity and phase information.
(a) and (b) are its intensity and phase profiles, respectively,
while (c) is the recorded ghost image. (d)-(f) are
peak-normalized coincidence curves by measuring OAM
mode superpositions of ℓ = ±1,±2,±3, respectively. Here,
in each rotation angle, the accumulation time of coincidence
measurement was 5s and averaged 5 times. (g)-(i) show the
angular frequency after a fast Fourier-transform analysis of
the signal showed in (d), (e) and (f) with rotation angle α,
respectively. Here the rotation speed Ω = α/t.
the first experimental demonstration of a real structured
object’s rotation angle measurement in a nonlocal man-
ner. Besides, we also have revealed that the noncontact
rotation angle remote sensing scheme could be explained
as a quantum version of rotational Doppler effect, with
the amount of the nonlocal rotational frequency shift ap-
pearing as a product of the angular speed of the idler
objects and the OAM number of the signal photons. The
real frequency shift of signal photon in quantum version
of rotational Doppler effect may be implemented with
some bright bi-photon sources [29, 30]. Our present work
may have the potential to develop a security technol-
ogy for remote sensing also in military regime, where
the detected light does not necessarily touch or face the
dangerous rotating objects. The ability of our scheme
working at the photon-count level may also suggest po-
tential applications, e.g., in bioimaging and biosensing,
in which a low-photon flux is essential as a high-photon
flux might have detrimental effects [25]. The natural ex-
tension of our scheme is to implement the free-space link
for long-distance entanglement-enhanced remote sensing
technique [31–35]. In addition, by utilizing the correlated
photons which have significantly different wavelengths,
such as using the infrared photons at 1550 nm wavelength
to illuminate object, but detecting with visible photons
at a wavelength of 460 nm [36], it may provide poten-
tial application in rotation sensing of some light-sensitive
specimens, such as pure phase or complex amplitude or-
ganism in biological sensing.
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